A secreted form of human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (gpl60s), expressed in HeLa cells from a vaccinia virus recombinant was analysed by velocity-gradient centrifugation and chemical cross-linking. We showed that gpl60s existed predominantly as a dimer, but higher forms corresponding to trimers and tetramers were also found. Soluble CD4 (sCD4) and native CD4 expressed by recombinant vaccinia viruses were analysed by sucrosegradient sedimentation alone or after complexing with gpl60s. The sCD4 sedimented in sucrose gradients as a monomer, whereas after solubilization the native CD4 was in a dimeric state. Both forms of CD4 were able to form complexes when incubated with gpl60s. In the case of the sCD4, the Mr corresponded to a (sCD4) 2-(gpl60s)2 complex, whereas with CD4 the complexes were of a greater order of magnitude. HIV gpl20 was secreted into the medium in a monomeric state, With sCD4 it gave a one-to-one complex, whereas with the native CD4 high M r complexes were formed. The importance of the oligomeric state of the virus-and cell-receptor proteins are discussed regarding their avidities.
Introduction
The envelope glycoprotein of human immunodeficiency virus type 1 (HIV-1), gpl60, is formed of two noncovalently linked subunits, gp 120 and gp41. The external subunit, gpl20, binds to its cellular receptor, CD4. The gp41 contains the transmembrane and the fusogenic sequences. During virus protein synthesis the gp160 env protein precursor is cleaved by cellular proteases into gpl20-gp41 (for a review see Vaishnav & Wong-Staal, 1991) . Like most viral membrane glycoproteins, the env protein is assembled into an oligomeric form. Most published results suggest that mature gpl20-gp41 is a tetramer formed by the association of a pair of dimers that are held together by non-covalent bonds, the gp41 subunit being responsible for oligomer stability (Pinter et al,, 1989; Schawaller et al., 1989; Earl et al., 1990) . However a trimeric structure has also been proposed .
CD4 is expressed on mature helper/inducer T lymphocytes and determines the tropism of HIV. In infected cells the CD4 molecules may form a complex with the envelope glycoprotein, gp 160, and remain blocked in the cytoplasm (Kawamura et al., 1989; Koga et al., 1990; Bour et aI., 1991) . This mechanism may explain the selective reduction of CD4-bearing T lymphocytes in AIDS patients. On the other hand, high concentrations of CD4 on the surface of an HIV-infected cell have been shown to prevent persistent infection of CD4 + cells (Marshall et al., 1992) . In addition, CD4 + helper T cells are not only quantitatively depleted, but are also functionally abnormal. Thus, the gp 120-CD4 interaction is a critical step not only in initiating HIV infection and syncytium formation, but also possibly in altering CD4 functions during thymic ontogeny, T cell activation and transmembrane signal transduction. Even though the precise mechanisms whereby CD4 + T cells are killed have not been identified, interference with CD4 functions may be in part responsible for the progressive immune deficiency observed in patients infected with HIV-1. The CD4-gpl20 interaction is an attractive pharmacological target. Several studies have investigated HIV-1 envelope protein-CD4 interactions. However, most of these used soluble CD4 (sCD4) and not the native form (for a review, see Moore et al., 1993) . Here we have studied the association between the envelope protein of HIV-1 and native CD4. We used a secreted form of HIV-1 envelope protein (gpl60s) which has been shown previously to be predominantly in a dimeric form (Earl et aI., 1990; Thomas et al., 1991) . We have shown by chemical crosslinking that a predominantly dimeric structure was stabilized; however, higher forms corresponding to trimer and tetramer were also observed. Secondly, we have studied the complexes formed between gp 160s and native or sCD4 and showed that the dimeric form of CD4 binds and stabilizes the HIV envelope glycoproteins.
Methods
Virus and cells. HeLa cells were maintained in RPMI-1640 medium supplemented with 10 % fetal bovine serum, glutamine and penicdlin/ streptomycin in 25 cm a tissue culture flasks (Falcon). Vaccinia virus (VV) recombinants, VV-1132 expressing HIV-1 BRU gpl20 and VV-1163 expressing a soluble form of HIV-1 BRU gpl60 (gpl60s), were obtained from M.-P. Kieny (Transgbne S.A., Strasbourg, France) . VV-1163 contained an env gene modified by site-directed mutagenesis to destroy the gp 120-gp41 cleavage site and to remove the transmembrane anchor domain of gp41 (Kleny et al., 1988) . The VV recombinants vEB-8 and vTMEB10, which express respectively full-length CD4 and sCD4 and vTF7-3 which contains the bacteriophage T7 RNA polymerase gene under the control of the VV P75K promoter, were obtained from B. Moss (NIH, Bethesda, Md., U.S.A.) (Ashorn et al., 1990; Earl et al., 1992) .
Radiolabelling, gradtent centrifugation and in vivo expression of HIV-1 and CD4 proteins. Confluent HeLa cells were infected with VV-1163 or VV-1132 and 16 h later were labelled for 5 h with [3'~S]methionine/ cysteine (TRANSSaS-LABEL, ICN Radiochemicals) (100 gCi/ml) in methionine/cysteine-deficient medium. The medium (2 ml) was added 30 min before the addition of radiolabel. After radiolabelling, 300 lal aliquots of the supernatant were loaded onto 10 to 30% sucrose gradients (in 0.1% octylglucoside/PBS, pH 7.4) over a 200 gl 60% sucrose cushion and centrifuged for 16 h at 35000 r.p.m, in a SW50.1 rotor at 5 °C. Thyroglobulin (669K), ferritin (440KL catalase (232K), y-globulin (158K) and albumin (67K) were used as standards to calibrate the gradients. Eleven fractions were collected per gradient. These were immunoprecipitated by incubation with monoclonal antibody (MAb) overnight at 4 °C. After adsorption onto Sepharose-Protein A (Pharmacia), the complexes were washed three times in RIPA buffer (1% Triton X-100, 06M-KC1, 0-15 M-NaCI, 10mM-Tris-HC1 pH 7'4), once in TNE buffer (0.15 M-NaC1, I mM-EDTA, 0.05 M-Tris-HC1 pH 7.2) and then denatured in sample buffer by boiling for 2 min with or without 1% 2-mercaptoethanol (2-ME). The samples were then analysed by SDS-PAGE (Laemmli, 1970) .
CD4 was expressed by co-infection of HeLa cells with vEB-8 or vTMEB10 and vTF7-3 as previously described (Ashorn et al., 1990) . For CD4 binding assays, radiolabelled supernatants from VV-1163-or VV-1132-infected cells were incubated for 24 h at 4 °C with either sCD4 or CD4 in the form of cell lysates. In our studies, equivalent quantities of 35S-sCD4 and 3SS-gp 160s or 3~S-gp 120 were mixed whereas 85S-CD4 was in threefold excess to the viral proteins. This was determined empirically by preliminary experiments in which different proportions of the antigens were CO-lmmunoprecipitated.
MAbs. The following murine MAbs were used: anti-gpl20 MAb MOD from E. Malvoisin (unpublished data); anti-gp41 MAbs 270 and 195 from A. Douglas, R. S. Daniels, M. Aymard and J.J. Skehel (National Institute for Medical Research, Mill Hill, London, U.K.), a gift of J. C. Tardy (D6partement d'Etude des Maladies Virales, Laboratoire National de la Sant~, Lyon, France); anti-gp41 MAb III 6 from J. F. Pasquali (H6pitaux Universita~res de Strasbourg, France) and anti-CD4 MAb S-T4 (Biosys S.A., Compi6gne, France). Anti-CD4 MAb BL4 was obtained from P. Morel.
Chemical cross-linkmg. Cross-linking agents were obtained from Pierce Chemical Company. Those used were 3,3'-dithiobis(sulphosuccinimidylpropionate) (DTSSP, span 1"2 nm) and ethylene glyeolbis(succinimidylsucclnate) (EGS, span 1.6 nrn). The reagents were initially dissolved in DMSO. The cells were infected with VV-1163 and metabohcally labelled with [3~S]methionine/cysteine as described above. The cross-linking agent was added to an aliquot of the supernatant and incubated for 45 rain at room temperature, the reaction was stopped by the addition of glycine to a final concentration of 100 raM. The reaction mixtures were then analysed on 10 to 30% sucrose gradients as described above.
Results

Sucrose gradient analysis of gpl60s
Electron microscope studies of gpl60s have suggested it to be a dimer (Thomas et al., 1991) . For our studies, it was necessary to verify its structure and stability during sucrose gradient centrifugation, sSS-gpl60s obtained from VV-1163-infected HeLa cells was centrifuged on 10 to 30% sucrose gradients and analysed by immunoprecipitation and SDS-PAGE ( Fig. l a) . The major forms of the glycoproteins centrifuged to the positions of the monomeric (fraction 7) and dimeric (fractions 5 and 6) forms of gpl60s, Small quantities of antigen sedimented further (fractions 2 to 4). These would correspond to the trimeric and tetrameric forms of gpl60s.
Sucrose gradient sedimentation of cross-linked gpl60s
Previously reported studies on the gp 120/41 showed that although dimers were stable during centrifugation, higher oligomers were not (Earl et al., 1990) . We wished to examine the possibility of stabilizing the higher oligomers by means of cross-linking agents. 35S-gp160s from the medium of VV-1163-infected HeLa cells was incubated with DTSSP, a cleavable cross-linking agent and then subjected to sucrose gradient centrifugation. Individual fractions were immunoprecipitated with MAb MOD and analysed by SDS-PAGE ( Fig. 1 b) . Species in decreasing amounts corresponding to mono-(fraction 7), di-(fraction 5), tri-(fraction 4) and tetramers (fractions 2 and 3) were observed. The tetramers did not enter the gels under non-reducing conditions owing to their size. The same experiments was repeated either using the non-reversible cross-linking agent EGS (Fig.  2 a) or DTSSP (Fig. 2 b) and irnmunoprecipitated with an anti-gp41 antibody (MAb 270). The results obtained were similar to those shown in Fig. 1. Fig. 2 shows the analysis carried out under non-reducing conditions. Treatment of DTSSP-cross-linked materials with 2-ME resulted in a single band migrating with an apparent M r corresponding to monomeric gp160s whereas similar treatment of EGS-cross-linked materials did not affect the protein pattern indicating that gp 160s oligomers had been stabilized by chemical cross-linking (not shown).
These results show that the majority of gpl60s sediments as dimers. To confirm that a dimer was the major cross-linked form, gpl60s was treated with different concentrations of EGS (0.5 to 4.5 mM) and analysed by immunoprecipitation and SDS-PAGE. With increasing concentrations of EGS, the monomeric form was converted to the dimeric form ( Fig. 3) .
Interaction o f gpl60s with CD4
Before studying the interaction between gpl60s and CD4, we characterized the oligomeric form of the latter by sucrose gradient centrifugation. HeLa cells were coinfected with recombinant VVs coding for the T7 RNA polymerase and CD4 (vTF7-3 and vEB-8 respectively) and labelled with TRANS35S. Cell lysates were centrifuged on sucrose gradients and analysed by immunoprecipitation with anti-CD4 MAb and SDS P A G E (Fig.  4a ). The majority of the CD4 sedimented in fraction 7 which corresponded to the dinaer, however monomeric and higher forms were also seen in fractions 8 and 6 respectively. The presence of monomeric forms in fraction 8 may be explained by a possible dissociation of oligomeric forms during centrifugation.
To study the interaction of gpl60s and CD4, 35S-gpl60s was added at 4 °C to intact HeLa cells expressing 35S-CD4. After incubation and washing, the cells were lysed and the lysate was centrifuged on a sucrose gradient and immunoprecipitated either with an anti-CD4 MAb (Fig. 4b, upper panel) or anti-gp41 antibody (Fig. 4b , lower panel). Co-immunoprecipitation was observed between CD4 and gp 160s. The majority of the complexes were found near the bottom of the gradient (fractions 1 to 4). These were not found when either protein was analysed alone.
Interaction o f gpl60s with sCD4
From crystallographic studies sCD4 has been shown to be a monomer Ryu et al., 1991) . Sucrose gradient centrifugation of s~S-sCD4 confirmed these observations (Fig. 5 a) . To study its interaction with gpl60s, aSS-sCD4 and a~S-gpl60s were incubated for 24 h at 4 °C and then analysed by sucrose gradient centrifugation (Fig. 5b) . Immunoprecipitation of the individual fractions with either anti-CD4 (upper panel) or anti-gpl20 (lower panel) MAbs led to the coimmunoprecipitation of the two proteins. Earl et al. (1992) showed that the dimeric env protein binds two sCD4 molecules. The sedimentation properties of the complex found in fraction 4 ( Fig. 5b, lower panel) suggest that the dimeric env protein binds two sCD4 molecules: from the sedimentation position (in relation to the markers), the M r of the complex corresponds to the binding of two sCD4 molecules to the dimeric gp160s.
Cross-linking o f CD4
Immunoprecipitation of 35S-CD4-producing HeLa cells with anti-CD4 MAb and analysis by SDS-PAGE revealed that in non-reducing gels, the major CD4 band E. Malvoisin and F. Wild migrated at 55K with a minor dimeric band (100K) (Fig.  6a, left-hand panel, lane 1) . After reduction with 2-ME, a single band was observed at 60K ( Fig. 6 a, panel, lane 1). In an attempt to stabilize oligomeric forms of CD4, cell lysates (RIPA buffer) were incubated with different concentrations of EGS and after immunoprecipitation analysed by SDS-PAGE (Fig. 6a ). EGS stabilized a dimeric form of CD4. As shown in Fig. 6 (a stabilized dimers of CD4 were detected. When similar experiments were performed with aSS-sCD4, a dimeric form could not be stabilized by cross-linking with EGS ( Fig. 6b) .
To demonstrate further that the high M r protein band (100K) was a CD4 oligomer, aSS-gpl60s was incubated for 24 h at 4 °C with asS-CD4 and was then immunoprecipitated with an anti-gp41 MAb (195) . As shown in Fig. 6 (c, lane 1) , gp 160s binds to monomeric and dimeric HIV-1 envelope protein/CD4 interaction 843 CD4 as indicated by their coprecipitation. The recombinant CD4 immunoprecipitated with anti-CD4 M A b BL4 was also analysed by one-and two-dimensional SDS-PAGE. In the absence of 2-ME, the major bands migrated to the monomer and dimer positions respectively, but minor bands corresponding possibly to tri-and tetramers were also observed. Incubation with 2-ME and migration in a second dimension reduced the size of oligomeric forms to that of monomers (Fig. 6d) .
Interaction of gpl20 with CD4 or sCD4
Our observations suggest that even though the sCD4 is a monomer, two molecules interact with the dimeric gpl60s. An alternative approach would be to examine the interaction of a monomeric form of the viral glycoprotein with CD4. aSS-gpl20 when analysed by sucrose gradient centrifugation sedimented as a monomer ( Fig. 7a ). Attempts to stabilize higher-order oligomeric forms by cross-linking with EGS failed (not shown). To study the interaction of gpl20 with CD4, asSgp 120 was incubated with a lysate of asS-CD4-producing HeLa cells and then after sucrose gradient centrifugation the individual fractions were analysed by immunoprecipitation with an anti-gpl20 M A b and subsequent S D S -P A G E (Fig. 7b ). G p l 2 0 -C D 4 complexes sedimented from fraction 5 to the bottom of the gradient indicating that the CD4 molecules complexed with gpl20. Metabolic labelling of CD4 was too low to permit its detection by autoradiography.
When the experiment was repeated using aSS-sCD4 and aSS-gpl20, only one-to-one complexes were found (Fig, 7c) .
D i s c u s s i o n
Interaction between proteins involves the union of specific regions often brought about by their conformational organization. In the present study we wished to examine the interaction between HIV gpl60 and its cellular receptor, CD4. Previous studies from other laboratories had established that isolated HIV env protein formed mainly dimers and multimeric CD4 binding by HIV env protein oligomers has been proposed to be a requirement for HIV attachment and infection as well as for gpl20 shedding (Earl et al., 1990 (Earl et al., , 1992 Layne et al., 1990; Moore et al., 1990 ).
In the present paper, in order to avoid the possibility of destabilizing the envelope protein during isolation from the membrane, we examined the oligomeric state of a soluble secreted form from which the transmembrane and cleavage regions had been deleted. Our results show that the major form when isolated on sucrose gradients or cross-linked was a dimer, although higher forms (tri-E. Malvoisin and F. Wild and tetramers) were observed as m i n o r components. In contrast to these observations, the secreted g p l 2 0 was only seen as a m o n o m e r in accordance with a previous r e p o r t (Earl et al., 1990) . However, Hallenberger et al. (1993) have suggested that g p l 2 0 is secreted in an oligomeric form. Similar analysis of the oligomeric form of the C D 4 protein showed that the m e m b r a n e form sedimented on sucrose gradients as a dimer and this was confirmed by cross-linking studies. The soluble secreted form, like viral env gpl20, was shown to be a m o n o m e r . • ,--gpl20
• l i r a sCD4 Fig. 7 . Sucrose gradient sedimentation of 35S-gp120, asS-CD4~gp120 and 3SS-sCD4-gpl20 complexes. (a) 3~S-gp120 was analysed on 10 to 30% sucrose gradients. (b) Cells expressing ~5S-CD4 were lysed in RIPA buffer and cleared cell lysate was incubated for 24 h at 4 °C with 35S-gp120. The mixture was loaded onto the gradient and centrifuged. (e) 35S-gp120 and 35S-sCD4 were mixed and incubated for 24 h at 4 °C. The mixture was analysed on 10 to 30% sucrose gradients. All fractions were immunoprecipltated with anti-gpl20 M A b MOD. Samples were run on 7 % polyacrylamlde SDS-containing gels under non-reducing conditions. The lanes labelled M contain M r markers corresponding to 200K, 97K and 69K.
gpl60s oligomer may be stabilized. Compared to gpl60s alone, gpl60s complexed to sCD4 migrated on sucrose gradients one fraction further due to the association of two sCD4 molecules but there were no faster-sedimenting complexes. Similarly the sedimentation properties of the gp 120-CD4 complex recovered from fraction 2 suggested that the gpl20 molecules may be associated with a multimeric CD4. Chemical cross-linking failed to stabilize higher oligomeric forms of CD4, especially as increased concentrations of cross-linker reduced the antigenicity of the protein. Sweet et al, (1991) have reported crystallographic studies of sCD4 suggesting that it oligomerizes by interaction between its D3/D4 regions. In addition, a cell line transfected with CD4, in which the transmembrane region and cytoplasmic domain have been replaced by a glycolipid anchor, could be infected by HIV (Jasin et al., 1991; Kost et al., 1991) . However in this case, the oligomeric state of the CD4 is unknown. When alkaline phosphatase is anchored in the same manner it forms tetramers (Hawrylak & Stinson, 1988) . The intracellular domain of CD4 is not necessary for HIV entry, since cells transfected with CD4 without the cytoplasmic domain support HIV infection and cells expressing a CD4-CD8 chimera which contains the D1D2 region of CD4 and the hinge, transmembrane and cytoplasmic domains of human CD8 were susceptible to HIV-1 infection (at very low efficiency) (Bedinger et al., 1988) . After the completion of this study, Langedijk e t al.
(1993) using a recombinant CD4-IgG (a chimera of human immunoglobulin Fc region fused to two D1D2 regions) reported a potential CD4 dimerization site by peptide binding and molecular modelling studies within the first immunoglobulin-like domain (D 1) of CD4. They localized the dimerization site to the CDR3-1ike region which is adjacent to the gpl20 attachment site. These results indicate that if oligomerization of CD4 is a prerequisite for HIV infection a membrane anchor beyond the H/V-binding region of CD4 is required to allow the oligomerization to occur. Several studies suggest that CD4 may not only serve as a passive attachment site, but may also play an important role in the fusion process (Camerini & Seed, 1990; Celada et al., 1990; Healey et al., 1990) . HIV infection is blocked in vitro by recombinant sCD4 (Deen et al., 1988; Fisher et al., 1988; Hussey et al., 1988) . However, sCD4 poorly neutralizes fresh isolates of HIV-1 (Daar et al., 1990; Moore et aI., 1992) . This may suggest that the reduced gpl20-CD4 binding affinity is a consequence of the oligomeric organization of the env protein on intact virions (Moore et al., 1992) . Our cross-linking and gradient sedimentation studies suggest the existence of a dimeric and possibly higher order forms of CD4. The human CD8 receptor which, like CD4, has immunoglobulin-fold domains, is also assembled as a homodimer (Pascale et al., 1992) . An oligomeric CD4 would be expected to have an increased affinity due to avidity considerations. It is not known whether the dimeric CD4 state exists at the cell surface only under certain conditions or whether there is a monomer/dimer equilibrium. Compared with CD4 + human cells, recombinant CD4 is overexpressed. We do not know whether this overexpression may influence the oligomeric status of CD4; native CD4 may be normally monomeric and oligomerize by interacting with oligomeric HIV gpl60 or class II major histocompatibility complex. Changes in the oligomeric state of receptors in the plasma membrane have been associated with their activation and in the generation of high-affinity ligandbinding sites (Ullrich & Schlesinger, 1990; Gullick et at., 1992; de Vos et al., 1992) . Further studies are necessary to determine whether the oligomeric status of CD4 plays a determinant role in the mechanism of HIV infection and fusion.
